
Journal of the European Ceramic Society 43 (2023) 1625–1632

Available online 23 November 2022
0955-2219/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Defect redistribution along grain boundaries in SrTiO3 by externally 
applied electric fields 

Boyi Qu a, Daria Eiteneer a, Lauren A. Hughes a, Jan-Helmut Preusker b, Joseph Wood a, 
Wolfgang Rheinheimer c, Michael J. Hoffmann b, Klaus van Benthem a,* 

a Department for Materials Science and Engineering, University of California, Davis, Davis, CA 95616, USA 
b Institute for Applied Materials - Ceramic Materials and Technologies, Karlsruhe Institute of Technology, Haid-und-Neu-Strasse 7, 76131 Karlsruhe, Germany 
c Forschungszentrum Jülich GmbH, Wilhelm-Johnen-Straße, 52428 Jülich, Germany   

A R T I C L E  I N F O   

Keywords: 
Grain boundary 
Electric field 
STEM 
Oxygen vacancy migration 

A B S T R A C T   

During thermal annealing at 1425 ◦C nominal electric field strengths of 50 V/mm and 150 V/mm were applied 
along the grain boundary planes of a near 45◦ (100) twist grain boundary in SrTiO3. Electron microscopy 
characterization revealed interface expansions near the positive electrode around 0.8 nm for either field strength. 
While the interface width decreased to roughly 0.4 nm after annealing at 50 V/mm, the higher field strength 
caused decomposition of the boundary structure close to the negative electrode. Electron energy-loss and X-ray 
photoelectron spectroscopies demonstrated an increased degree of oxygen sublattice distortion at the negative 
electrode side, and enhanced concentrations of Ti3+ and Ti2+ compared to bulk for both single crystals and 
bicrystals annealed with an external electric field, respectively. Oxygen migration due to the applied electric field 
causes the observed alteration of grain boundary structures. At sufficiently high field strength the agglomeration 
of anion vacancies may lead to the decomposition of the grain boundary.   

1. Introduction 

The effect of electric fields on the sintering of ceramic powder 
compacts has been studied extensively in the past [1]. Field assisted 
sintering, spark plasma sintering (SPS) and flash sintering all utilize 
applied electric fields and resulting currents to enhance densification 
[2–6]. In addition, externally applied electric fields can decrease the 
required sintering temperatures or applied pressures, and can enhance 
or suppress grain growth [2,7–13]. Qin and co-workers discovered 
electrode effects on microstructure development of yttrium-stabilized 
zirconia during flash sintering with an applied DC bias [14]. Enhanced 
grain growth was observed near the cathode, which is attributed to the 
DC bias lowering the activation energy for cation migration owing to 
local reduction-oxidation reactions [14]. Jeong and co-workers 
observed an increased grain boundary migration rate in Al2O3 when 
an external electric field was applied during sintering [15]. Mishra and 
co-workers reported blackening behavior of polycrystalline 
gadolinium-doped ceria during flash sintering, indicating the migration 
of oxygen vacancies towards the cathode [1,16]. 

From this brief literature survey, it becomes evident that there must 

be a strong interaction of grain boundaries in the evolving microstruc-
ture and externally applied electric fields. In a model study by Hughes 
et al. [18,19] an electric field was directed perpendicularly across the 
grain boundary plane during diffusion bonding of a 42◦ (100) twist grain 
boundaries in SrTiO3. In the absence of any externally applied electric 
field, diffusion bonding resulted in a width of the grain boundary core of 
around 0.8 nm. However, the interface expansion was only approxi-
mately 0.4 nm after diffusion bonding in the presence of an externally 
applied electric field. It was hypothesized that the oppositely charged 
(100) interface planes of the two half crystals formed a large oxygen 
vacancy concentration gradient across the forming boundary plane and 
resulted in the smaller width of the grain boundary core [18,19]. Elec-
tron energy loss spectroscopy further revealed disordering on the oxy-
gen sublattice for increasing applied field strengths. Hughes et al. have 
further shown that the observed grain boundary core modifications 
accomplished by electric fields during diffusion bonding were only 
meta-stable and relied on surface modifications by the electric field prior 
to the joining process [19]. 

While previous studies about the alteration of grain boundary core 
structures by externally applied electric fields have mostly considered 
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electric field directions perpendicular to the interface plane. Grain 
boundaries in a polycrystalline microstructure can occur at any angle 
with respect to the direction of the electric field. For this more general 
case Rheinheimer and co-workers have suggested electric field induced 
defect redistribution in strontium titanate [13,17]. The hypothesis for 
this study was electric field induced oxygen vacancy migration along the 
grain boundary cores in SrTiO3. Structural transformations of near 45◦

(100) twist grain boundaries were discovered after annealing of 
bicrystals in the presence of electric fields directed along the grain 
boundary plane. A variety of experimental techniques, including high 
angle annular dark field STEM (HAADF-STEM), electron energy loss 
spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS) were 
used to characterize atomic and electronic grain boundary structures as 
a function of relative distance to the electrodes employed for applying 
electric fields parallel to the grain boundary plane. Comparison of the 
SrTiO3 grain boundary core structures near the positive and negative 
electrodes for two different electric field strengths provides evidence for 
oxygen vacancy re-distribution and potential decomposition. 

2. Experimental techniques 

Single crystals of SrTiO3 (SurfaceNet GmbH, Rheine, Germany) were 
diffusion bonded at 1425 ◦C under a uniaxial pressure of 1 MPa to form 
near 45◦ (100) twist grain boundaries. Application of moderate pres-
sures below 6 MPa for SrTiO3 [18,20,21] enhances interfacial bonding 
via deformation of asperities, minimizing pore sizes, and increasing 
dislocation densities which promotes cation diffusion [22–24]. After 
diffusion bonding completed, the bicrystals were annealed at 1425 ◦C 
for 1 h while an electrostatic field was applied in the direction along the 
grain boundary plane. Fig. 1 presents a sketch of the experimental setup. 
For the application of the electric field, two parallel Pt-Rh electrodes 
were used that were electrically isolated from the bicrystal by roughly 1 
mm thick aluminum oxide layers. To avoid solid-state reactions between 
SrTiO3 and Al2O3, a thin layer of zirconia powder (grade GL10, Luxfer 
Mel Technologies) separating the bicrystal from the Al2O3 layers was 
added. The layer of zirconia also enabled easier separation of the 
different ceramic materials after thermal annealing. 

Annealing experiments were carried out with biases U applied to the 
electrodes that were separated from each other by a distance d. Based on 
the experimental geometry (cf. Fig. 1), the two resulting applied nomi-
nal electric field strengths were Ulow/d = 50 V/mm and Uhigh/ 
d = 150 V/mm. The electric field across the SrTiO3 bicrystal is smaller 
than the externally applied nominal field Etotal due to the relatively low 

dielectric constant of aluminum oxide. In accordance with earlier work 
by Rheinheimer and co-workers [13,17] the electric field across SrTiO3 
(ESTO) was calculated using Eq. 1 under the assumption that the SrTiO3 
crystals and the alumina layers can be represented by a series of ca-
pacitors with different dielectric constant. 

ESTO

Etotal
=

dSTO + di

dSTO

(
1 +

εr, STOdi
εr, aluminadSTO

) (1) 

dSTO is the dimension of the SrTiO3 bicrystal in the direction of the 
applied field, i.e., the length of the grain boundary plane, dI is the 
thickness of the alumina layer, εr, STO and εr, alumina are the dielectric 
constant of SrTiO3 and alumina, respectively. The layer of zirconia 
powder further reduces the effective field strength across the SrTiO3 to 
ESTO,low= 26.4 V/mm and E STO,high= 79.3 V/mm, respectively [13]. 

After thermal annealing in the presence of an electric field, which 
will be referred to as electric field annealing throughout the remainder of 
this publication, the structural homogeneity of the bicrystals was qual-
itatively assessed by scanning electron microscopy. Secondary electron 
(SE) imaging of the areas that include the grain boundary over the full 
length of the grain boundary plane was carried out using either a FEI 
Scios dual-beam focused ion beam (FIB) instrument (FEI, Hillsboro, OR), 
or a Thermo Fischer Quattro environmental scanning electron micro-
scope (Thermo Fisher Scientific, Hillsboro, OR). The Thermo Fisher 
MAPS3.2 software was used to automatically capture between 612 and 
765 individual high magnification SE micrographs and subsequently 
splice them together by maximizing cross-correlation functions in 
overlapping areas. This process generates large field-of-view electron 
micrographs with potential topography contrast indicating grain 
boundary grooving. Secondary electron imaging was previously suc-
cessfully employed to assess the quality of interfacial bonding of SrTiO3 
bicrystals fabricated by SPS [25,26]. 

Grain boundaries were prepared for cross-sectional transmission 
electron microscopy (TEM) characterization using FIB sectioning. Elec-
tron transparent lamellae were extracted for each bicrystal from areas 
close to the positive and negative electrode, respectively. After thinning 
lamellae to around 200 nm and 300 nm using the FIB instrument, a 
Fischione Nanomill instrument (Fischione Industries, Export, PA) was 
employed to reduce TEM sample thicknesses to around 50 nm using a 
low-energy Ar+ ion beam. 

Atomic grain boundary structures were characterized by aberration- 
corrected HAADF-STEM imaging. Samples of the bicrystal annealed at 
50 V/mm were imaged with a JEOL JEM 2100AC aberration-corrected 
STEM installed at UC Davis and operated at 200 kV. The bicrystal 
annealed in the presence of a nominal electric field strength of 150 V/ 
mm was characterized with an acceleration voltage of 300 kV utilizing 
the FEI TEAM 0.5 instrument installed at Lawrence Berkeley National 
Laboratory. The local electronic grain boundary core structures were 
determined by spatially resolved EELS. Spectra of the O K and Ti L2,3 
absorption edges were recorded with a Gatan Imaging Filter (GIF Tri-
dem; Gatan Inc. Pleasanton, CA) attached to the JEOL JEM 2100AC 
microscope. The energy dispersion during EELS acquisition was 0.1 eV/ 
channel and pixel dwell times were either 0.1 or 0.2 s/spectrum. The 
probe-forming convergence semi-angle and the collection semi-angle 
were both 16 mrad. All acquired spectra were background subtracted 
using a power-law fitting procedure [27]. Principle component analysis 
(PCA) was applied to all background subtracted spectra to improve 
signal-to-noise ratios using the singular value decomposition algorithm 
in HyperSpy [28]. The near-edge fine structures (ELNES) of the back-
ground subtracted Ti L2,3 edge spectra were reconstructed from the first 
8 components of the PCA deconstruction. The O K ELNES were recon-
structed from the first 6 components. All ELNES plots were calibrated 
with respect to the edge onset of the bulk spectrum, i.e., the energy-loss 
at which the second derivative of the bulk spectrum equals zero. Energy 
dispersive X-ray spectroscopy (EDXS) line profiles were recorded across 
the grain boundaries with an Oxford Aztec Energy TEM Advanced 

Fig. 1. Sketch of the experimental setup for thermal annealing of bicrystals 
during simultaneous application of electric fields. The two half single crystals 
are represented by the blue blocks. The upper crystal is rotated by nominally 
45◦ around a common <100> axis to form a (100) twist boundary. Electric bias 
was applied to parallel Pt-Rh electrodes. The bicrystal was cut and polished on 
the sides facing the electrodes. 1 mm thick Al2O3 sheets were used to electri-
cally isolate the electrodes from the SrTiO3 crystals. Thin layers of ZrO2 powder 
were used to minimize solid state reactions between SrTiO3 and Al2O3. 
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Microanalysis System with an X-MaxN TSR Windowless large area 
Analytical Silicon Drift Detector. 

X-ray photoelectron spectroscopy (XPS) measurements of Ti 2p sig-
nals were carried out using a Kratos AXIS Supra instrument equipped 
with a monochromatic Al Kα source (hν = 1486.6 eV). XPS data were 
acquired at 150 W (10 mA, 15 kV) from surfaces of the bicrystals that 
faced the negative electrode during electric field annealing. A slot 
aperture was employed with an energy resolution of about 1.6 eV, a 
dwell time of 600 ms, and a step size of 0.040 eV. Single crystals of 
SrTiO3 were field annealed using the same temperature (1425 ◦C) and 
field strength as the bicrystals. XPS data from the single crystals were 
acquired in cross-section from 4 or 5 equidistant locations between the 
electrodes. Spectra were recorded using a 55 µm circular aperture with a 
dwell time of 200 ms and a step size of 0.015 eV. The Kratos ESCApe 
software was used for data acquisition and subsequent peak area fitting. 
Intensity minima were identified on both sides of the Ti 2p peak doublet 
and a Shirley [29] background was fitted to the corresponding energy 
interval. Each spectrum was subsequently fitted with six asymmetrical 
Gaussian-Lorentzian peaks. Details of the fitting procedure are included 
in the Supplementary Materials. For direct comparison, individual XPS 
spectra were background-subtracted. The largest spectral intensity, i.e., 
the maximum of the main Ti 2p peak in bulk SrTiO3 was calibrated to an 
energy of 458.4 eV. 

3. Results 

3.1. SEM imaging 

Fig. 2 displays large field of view SEM maps of the bicrystals after 
field annealing. For Fig. 2(a) the location of the grain boundary plane 
after field annealing at 50 V/mm was ascertained from high resolution 
micrographs recorded from the edges of the bicrystal close to the two 
electrodes and is indicated by a dashed line. No SE contrast resulting 
from grain boundary grooving can be observed. Fig. 2(b) and (c) show 
enlarged SEM maps recorded form the bicrystal close to the positive and 
negative electrode, respectively. Fig. 2(d) shows a low magnification 

SEM map of the bicrystal after field annealing at 150 V/mm. Close to the 
positive electrode (cf. Fig. 2(e)) no topography contrast due to grain 
boundary grooving was detected, while close to the negative electrode 
Fig. 2(f) reveals dark line-shaped contrasts indicating the location of the 
grain boundary (highlighted by arrows). For clarification throughout the 
remainder of this report regions of interest close to the positive and 
negative electrode are labeled with the applied field strength and the 
demarcation ‘positive’ or ‘negative’, respectively. 

3.2. HAADF-STEM imaging 

Fig. 3(a) and (b) show atomic resolution HAADF-STEM images 
recorded form the grain boundary core structures of the bicrystal 
annealed at 50 V/mm. Fig. 3(a) was recorded from an area close to the 
positive electrode, while Fig. 3(b) was captured close to the negative 
electrode. The grain boundary core structures on both sides of the 
bicrystal are periodic along the grain boundary plane. The width of the 

Fig. 2. (a) Assembled SE map of the grain boundary area after bicrystal annealing with a nominal field strength of 50 V/mm. The dashed line indicates the location of 
the grain boundary. Enlarged sections extracted from areas close to the positive (b) and negative electrodes (c) do not resolve dark intensities arising from topography 
due to grain boundary grooving. (d) is the SE map recorded from the bicrystal annealed while exposed to a nominal field strength of 150 V/mm. While no dark 
contrast identifies the location of the grain boundary plane close to the positive electrode (e), lines with dark image contrast marked by arrows identify the location of 
the grain boundary close to the negative electrode (f). 

Fig. 3. HAADF-STEM images of grain boundary core structures after annealing 
at 50 V/mm recorded from close to (a) the positive and (b) the nega-
tive electrode. 
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grain boundary core, i.e., the interface expansion, is defined as the 
distance between the last crystal plane in either half-crystal that is 
indistinguishable from the bulk. The interface expansions are approxi-
mately 0.80 nm close to the positive electrode, and only about 0.36 nm 
close to the negative electrode. 

After electric field annealing at nominally 150 V/mm, the grain 
boundary expansion close to the positive electrode was roughly 0.8 nm 
(see Fig. 4(a)). At the negative electrode side, however, no clearly 
defined abrupt grain boundary core structure was observed. Instead, 
conventional bright field TEM imaging (Fig. 4(b) and (c)) revealed the 
formation of at least one secondary phase between the two adjacent half 
crystals. The formation of dark circles after brief exposure to the focused 
electron beam demonstrate that the interfacial phase is sensitive to 
electron beam damage. EDXS analysis of the interface structure (not 
shown) revealed local enrichment of SrTiO3 with aluminum (Al) and 
silicon (Si). 

3.3. Energy-loss spectroscopy 

Ti L2,3 and O K ELNES plotted in Fig. 5(a) were acquired from an area 
close to the negative electrode for the SrTiO3 bicrystal annealed in the 
presence of a nominal field strength of 50 V/mm. The Ti L2,3 ELNES line 
shape obtained from bulk SrTiO3 exhibits well-resolved t2g and eg peak 
splitting of 2.4 eV for both L2 and L3 edges. At the grain boundary, 
however, the crystal field splitting is reduced to approximately 1.6 eV 
(cf. green spectrum in Fig. 5(a)). The O K edge in bulk SrTiO3 reveals five 
major peaks labeled A through E. The spectrum recorded from the grain 
boundary plane displays a different ELNES with peaks A′, B′ and C′ that 
are suppressed relative to the bulk, while peak D observed in the bulk is 
absent at the grain boundary. 

Ti L2,3 and O K ELNES recorded form an area close to the positive 
electrode after annealing at 50 V/mm are plotted in Fig. 5(b). Spectra 
recorded from both half crystals of the bicrystal reproduce those of bulk 
SrTiO3 (cf. Fig. 5(a)). At the grain boundary (red spectrum in Fig. 5(b)), 
t2g and eg peaks of the Ti L2,3 ELNES are resolved but exhibit a slightly 
reduced crystal field splitting of 1.9 eV compared to 2.4 eV in bulk 
SrTiO3. The O K ELNES recorded from the grain boundary core is less 
pronounced compared to the bulk but indicates otherwise almost iden-
tical line shapes. 

Fig. 6 shows the Ti L2,3 and O K ELNES recorded from an area close to 
the positive electrode after annealing at 150 V/mm. No EELS data was 
recorded from the negative electrode side of the same bicrystal due to 
the absence of an atomically structured grain boundary core (cf. Fig. 4 
(b) & (c)). While the spectra recorded from the half crystals are indis-
tinguishable from both those for bulk SrTiO3 and those displayed in 
Fig. 5, the Ti L2,3 ELNES recorded from the grain boundary core does not 

Fig. 4. (a) HAADF-STEM image of the grain boundary core recorded close to the positive electrode after field annealing at nominally 150 V/mm. (b) and (c) are 
bright field TEM images that were recorded close to the negative electrode and display the formation of interfacial phases. EDXS analysis (not displayed) revealed the 
presence of Al and/or Si. 

Fig. 5. Ti L2,3 and O K edges recorded after annealing at 50 V/mm from the 
grain boundary core and adjacent SrTiO3 half crystals close to (a) the negative 
and (b) the positive electrode. Spectra obtained from the SrTiO3 half crystals 
(bulk) are all plotted in black; Ti L2,3 and O K spectra obtained from the grain 
boundary are plotted in green and light red, respectively. 
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present distinguishable t2g and eg signatures. The O K ELNES recorded 
from the grain boundary core shows a relatively small signal to noise 
ratio which challenges the resolution of individual ELNES peaks. How-
ever, it appears that all major peaks A through E observed for bulk 
SrTiO3 are retained at the grain boundary core. 

3.4. X-ray photoelectron spectroscopy 

Fig. 7 shows XPS spectra of the Ti 2p3/2 and Ti 2p1/2 doublet acquired 
form a reference spectrum of single-crystalline bulk SrTiO3 in compar-
ison to data recorded from field annealed SrTiO3 single crystals and 
surfaces of the field annealed bicrystals that included the grain bound-
ary. All spectra in Fig. 7 were normalized with respect to the maximum 
intensity of the Ti(IV) peak representing an oxidation state of Ti4+ in 
bulk SrTiO3 [30]. The spectra were then smoothed using Savitzky-Golay 
method with a quadratic polynomial [31]. Spectra recorded from the 

field-annealed samples also include spectral intensities labeled Ti(III) 
and Ti(II) reflecting Ti3+ and Ti2+ oxidation states, respectively [30]. 
After annealing in the presence of an electric field strength of nominally 
50 V/mm, the spectra recorded from the bicrystal and the single crystal 
are indistinguishable. Annealing at 150 V/mm, however, causes the 
bicrystal to reveal relatively higher intensities of the Ti(III) and Ti(II) 
peaks, while the signals for the single crystal are smaller compared to the 
data recorded after annealing at 50 V/mm. The same data normalized to 
the total integrated intensities demonstrates that Ti(III) and Ti(II) signals 
increase at the cost of Ti(IV) intensities (cf. supplementary online 
materials). 

After field annealing, the single crystals of SrTiO3 were cut through 
their center and polished for cross-sectional XPS analysis. Ti 2p spectra 
were recorded from multiple equidistant locations between the surfaces 
that were facing the two electrodes during annealing. After peak fitting, 
fractional intensities of the Ti(III) and Ti(II) signatures were extracted 
and plotted in Fig. 8 as a function of relative distance for both field 
strengths. Trend lines between the data points were added to guide the 
eye, and the equivalent fractional intensities recorded from the surface 
close to the negative electrode of bicrystal samples were included for 
comparison. After annealing at 50 V/mm, Fig. 8(a) and (b) show that 
fractional intensities for Ti(III) and Ti(II) remain mostly unchanged 
between the two electrodes. The fractional Ti(II) intensities throughout 
the single crystal are in good agreement with those observed from the 
negative electrode side of the bicrystal. The trendline in Fig. 8(a) sug-
gests a gradual increase of Ti(III) when approaching the negative elec-
trode. Ti(III) intensities recorded form the single crystal, however, do 
not reproduce those observed from the bicrystal. After annealing at 
150 V/mm, fractional intensities for Ti(III) and Ti(II) show trends with 
non-zero slopes between the two electrodes. Fractional intensities for Ti 
(III) gradually decrease when approaching the negative electrode and 
diverge from the data observed from the bicrystal (see Fig. 8(a)). In 
contrast, fractional intensities for Ti(II) increase when approaching the 
negative electrode and converge towards the fractional intensities 
observed from the bicrystal. 

4. Discussion 

SEM and STEM imaging of the near 45◦ (100) bicrystals of SrTiO3 has 
shown that thermal annealing in the presence of an electric field 
directed parallel to the grain boundary plane alters grain boundary core 
structures. For a nominal field strength of 50 V/mm, no topography 
variations due to grain boundary grooving were detected by SEM (cf. 
Fig. 2(a)) indicating a relatively dense interface structure without 
extensive pore formation [32]. HAADF-STEM imaging however has 
revealed different interface expansions of about 0.8 nm close to the 
positive electrode, and only around 0.4 nm close to the negative elec-
trode. The widths of grain boundary cores observed in this study are 
consistent with those previously observed from grain boundaries with 
almost identical misorientation angles that were diffusion bonded with 
electric fields directed across the interface plane [19]. The application of 
electric bias to (100) surfaces of SrTiO3 alters the oxygen stoichiometry 
of the free surface depending on the polarization [33]. The resulting 
large oxygen concentration gradient across the interface plane during 
diffusion bonding was reported to be responsible for the narrowing of 
the grain boundary core structure in the presence of an electric field. The 
observed variation of the width of the grain boundary core along the 
interface plane indicates the migration of oxygen vacancies that was 
previously suggested by Rheinheimer and co-workers [17]. Local cation 
re-arrangement at the grain boundary occurs to accommodate charge 
neutrality. 

It is expected that the change in grain boundary structure correlates 
with the distribution of the electric field along the grain boundary plane. 
It remains unclear whether the width of the grain boundary core, the 
local atomic structure, and ultimately the oxygen vacancy distribution 
changes gradually or abruptly along the interface plane. Modeling of the 

Fig. 6. Ti L2,3 and O K edges recorded near the positive electrode after 
annealing at 150 V/mm from the grain boundary and adjacent SrTiO3 half 
crystals. Spectra obtained from the SrTiO3 half crystals (bulk) are all plotted in 
black while spectra acquired from the grain boundary are plotted in red. 

Fig. 7. Ti 2p XPS doublet for the reference single crystal (black), for bicrystals 
after electric field annealing at 50 V/mm (light green) and 150 V/mm (dark 
green), and for single crystals after annealing at 50 V/mm (light blue) and 
150 V/mm (dark blue). 
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electric field distribution and more detailed STEM characterization are 
required but were beyond the scope of this study. 

ELNES experiments of the bicrystal annealed at 50 V/mm carried out 
close to the negative and positive electrodes demonstrate a reduction of 
Ti at the grain boundary compared to the bulk. The crystal field splitting 
of the t2g and eg states is smaller close to the negative electrode, indi-
cating a stronger modification of TiO6 octahedra that results from an 
increased oxygen vacancy concentration. Hughes and co-workers [19] 
reported a suppression of peak B in the O K ELNES line shapes for SrTiO3 
bicrystals bonded with no electric field indicating alterations of Sr-O 
bonding [34,35]. Muller also reported similar results for SrTiO3 with 
low oxygen vacancy concentration [36]. ELNES line shapes recorded in 
this study from areas close to the positive electrode exhibit an only 
slightly dampened peak B. From this observation it is concluded that the 
oxygen vacancy concentration and, hence, the local space charge 
configuration of the bicrystal close to the positive electrode is dominated 
by the structural inhomogeneity caused by the misorientation of the 
adjacent half crystals, and is less affected by the applied electric field. In 
the same area, ELNES line shapes for the O K edge are similar to bulk 
SrTiO3 with all five major peaks resolved albeit less pronounced. This 
observation suggests marginal re-arrangement of oxygen anions and a 
negligible contribution of oxygen vacancies [18]. However, the ELNES 
line shapes of O K edge acquired at the negative electrode side of the 
bicrystal differs dramatically as the two major peaks labeled A and D are 
mostly absent. Peak A originates from the hybridization of titanium 3d 
orbitals and oxygen 2p orbitals. Peak D originates from the splitting of Ti 
3d orbitals that is reflected at higher electron energy losses. The absence 
of both peaks indicates that the Ti-O bonding close to the negative 
electrode is different than that at the positive side, which can be 
attributed to a distortion on the oxygen sublattice and local reduction of 
the Ti4+. The O K ELNES recorded close to the negative electrode is 
indeed consistent with a bonding configuration in a reduced titanium 
oxide [37]. The combination of atomic resolution imaging and 
energy-loss spectroscopy confirms that, within an applied electric field, 

the positively charged oxygen vacancies migrate along the grain 
boundary plane towards the negative electrode, hence resulting in a 
local enrichment of oxygen vacancies. 

After annealing of the bicrystal in the presence of a nominal field 
strength of 150 V/mm, SEM micrographs recorded from areas close to 
the negative electrode reveal significant topography contrast due to 
grain boundary grooving. Such contrast is absent close to the positive 
electrode. This observation suggests considerable alterations of the grain 
boundary core structure both as a function of proximity of the negative 
electrode, and the applied electric field strength. STEM observations 
from the grain boundary close to the positive electrode reveal a periodic 
interface structure along the interface plane with a width of the grain 
boundary core of around 0.8 nm. This result is similar to that observed 
from the area close to the positive electrode after annealing at a lower 
nominal field strength of only 50 V/mm. Close to the negative electrode, 

Fig. 8. Fractional intensities of the Ti(III) and Ti(II) signatures as a function of relative distance recorded after annealing at 50 V/mm (displayed in (a) and (b)) and 
150 V/mm (displayed in (c) & (d)), respectively. The light grey background marks the location of the SrTiO3 single crystal between the two electrodes. XPS data were 
acquired from equal distant locations of field-annealed single crystals of SrTiO3. The red data points represent XPS measurements recorded from the surface of the 
SrTiO3 bicrystal close the negative electrode. The dashed line is a trend line and serves as a guide to the eye. 

Fig. 9. SEM image of the FIB lamella recorded during TEM specimen prepa-
ration. The region of interest revealed no strong topography contrast near the 
150 V/mm negative electrode. The inset shows a higher magnification cross- 
sectional view of the grain boundary with darker image contrast. 
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however, FIB lamella extracted from areas that did not show strong 
topography contrast (see arrow in Fig. 2b) revealed a broad dark 
contrast during ion-beam thinning (cf. Fig. 9). 

Subsequent STEM characterization (Fig. 4(b) & (c)) revealed the 
formation of at least two beam-sensitive interfacial phases that are 
enriched with Al and Si. From this observation it is concluded that the 
relatively high applied field strength caused the migration of oxygen 
vacancies towards the negative electrode. The local enrichment of ox-
ygen vacancies destabilizes the grain boundary which led to its 
decomposition observed in Fig. 4(b) and (c). Rodenbücher et al. [38] 
have previously shown that DC fields and the presence of oxygen va-
cancies can cause local reduction and induce stoichiometry polarization 
which allows for a controlled decomposition of SrTiO3. Similar kinetic 
unmixing was reported for high oxygen deficiencies for BaTiO3 [39] and 
for NiTiO3 [40] which crystallizes with the ilmenite structure. The 
insertion of Al and Si into the highly defective grain boundary region 
close to the negative electrode likely resulted from insufficiently sup-
pressed solid state diffusion from Al2O3 sheets during thermal annealing 
(cf. Fig. 1), and 0.01 wt% SiO2 impurities within the ZrO2 powder. The 
absence of Al and Si in areas close to the positive electrode or after 
annealing at lower field strength indicates that the enrichment of oxygen 
vacancies represents an increased driving force for impurity migration 
for Al and Si. Studies by Bowes et al. [41] and Chan et al. [42] suggest 
that Si incorporates in SrTiO3 as a charge neutral defect and has negli-
gible effect on conductivity. Al serves as an acceptor and substitutes for 
Ti while weakly interacting with native oxygen vacancies. 

XPS experiments (cf. Fig. 7) confirm the expected formation of ox-
ygen vacancies due to the applied electric field by the appearance of Ti 
(III) and Ti(II) signatures that reflect Ti3+ and Ti2+ oxidation states. 
Neither were detected from bulk SrTiO3 prior to electric field annealing. 
XPS spectra from the single crystal and the bicrystal recorded after field 
annealing at 50 V/mm are indistinguishable, which suggests that the 
oxygen vacancy concentrations resolved by XPS are dominated by the 
electric field and not by the charge compensation mechanism related to 
the grain boundary. However, after annealing at 150 V/mm, Ti3+ and 
Ti2+ intensities decrease in bulk SrTiO3 compared to the smaller field 
strength and increase for the bicrystal. Thus, at sufficiently high field 
strength, the generation of oxygen vacancies may be counteracted by re- 
filling of vacancy sites with oxygen from the atmosphere. Additional 
annealing experiments under vacuum conditions would allow for addi-
tional experimental verification. This kinetic effect of oxygen re-filling, 
however, describes the decrease of the vacancy concentration compared 
to that observed at lower field strength. In the case of the bicrystal, 
however, comparison of Fig. 8(c) and (d)–(a) and (b), respectively, 
suggests that the increased field strength causes the formation of more 
Ti2+ states by further reducing Ti3+ close to the negative electrode, 
indicating a beginning electrolytic decomposition. 

5. Conclusions 

This study provides direct experimental evidence for oxygen vacancy 
redistribution along a twist grain boundary in SrTiO3 when an external 
electric field is applied. Field annealing at a nominal field strength of 
50 V/mm causes a larger grain boundary expansion near the positive 
electrode compared to areas close to the negative electrode. ELNES 
analysis of electronic grain boundary structures combined with XPS 
experiments confirmed the migration of oxygen vacancies towards the 
negative electrode during electric field annealing. For sufficiently high 
field strengths, oxygen vacancy agglomeration near the negative elec-
trode can cause decomposition of the grain boundary structure. How-
ever, XPS experiments also suggest that during annealing at relatively 
high field strength it may become energetically more favorable to fill 
vacancy sites with oxygen from atmosphere. The experimental results 
presented in this study were obtained from a general (100) twist grain 
boundary in SrTiO3. For general grain boundaries the interface energy 
varies slowly with the misorientation angle. It is therefore expected that 

in the case of general grain boundaries electric fields directed along the 
interface plane can alter grain boundary atomic and electronic core 
structures by the redistribution of oxygen vacancies as a function of the 
externally applied field strength. In addition, anisotropy of the field 
effects are feasible depending on the specific grain boundary structures, 
especially in the case of tilt grain boundaries. It may therefore become 
feasible to replace variations of oxygen partial pressure atmospheres 
during ceramic manufacturing by the application of electric fields. 
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